Regulated protein degradation by the proteasome plays an essential role in the enhancement and suppression of signaling pathways in the nervous system. Proteasome-associated factors are pivotal in ensuring appropriate protein degradation, and we have previously demonstrated that alterations in one of these factors, the proteasomal deubiquitinating enzyme ubiquitin-specific protease 14 (Usp14), can lead to proteasome dysfunction and neurological disease. Recent studies in cell culture have shown that Usp14 can also stabilize the expression of over-expressed, disease-associated proteins such as tau and ataxin-3. Using Usp14-deficient ax J mice, we investigated if loss of Usp14 results in decreased levels of endogenous tau and ataxin-3 in the nervous system of mice. Although loss of Usp14 did not alter the overall neuronal levels of tau and ataxin-3, we found increased levels of phosphorylated tau that correlated with the onset of axonal varicosities in the Usp14-deficient mice. These changes in tau phosphorylation were accompanied by increased levels of activated phospho-Akt, phosphorylated MAPKs, and inactivated phospho-GSK3b. However, genetic ablation of tau did not alter any of the neurological deficits in the Usp14-deficient mice, demonstrating that increased levels of phosphorylated tau do not necessarily lead to neurological disease. Due to the widespread activation of intracellular signaling pathways induced by the loss of Usp14, a better understanding of the cellular pathways regulated by the proteasome is required before effective proteasomal-based therapies can be used to treat chronic neurological diseases.
Introduction
The ubiquitin proteasome system (UPS) functions to control intracellular protein abundance [1] and is tightly regulated to facilitate the removal of damaged proteins that can cause disease [2] [3] [4] . Cellular proteins are marked for degradation by tagging them with a 76 amino acid protein called ubiquitin [5] , enabling them to productively interact with the proteasome, a multi-subunit protease which catalyzes their breakdown into small peptides. Changes in the targeting and destruction of ubiquitinated proteins are observed in many chronic neurological diseases, reinforcing the importance of regulated proteolysis in neuronal viability and function [6, 7] .
Following the binding of ubiquitinated substrates to the proteasome, ubiquitin side chains can be disassembled and/or modified by further ubiquitination [8] . The proteasomal factors responsible for these activities are believed to either enhance or antagonize substrate degradation. For example, by removing ubiquitin side chains prior to commitment of substrates to degradation, proteasomal deubiquitinating enzymes can prevent substrates from being degraded by the proteasome [9, 10] . Usp14 is one of the proteasomal deubiquitinating enzymes that can remove ubiquitin side chains on proteins bound to the proteasome and, as such, plays an important role in ubiquitin recycling and substrate stability [11] .
Our previous studies demonstrated that the loss of Usp14 expression specifically in the nervous system causes ax J mice to display a resting tremor, gait ataxia, motor-endplate disease and cerebellar pathology due to impaired neuronal development [12, 13] . It is currently unknown if Usp14 is dispensable in the adult nervous system. Although the ax J mice have dysfunctional proteasomes, there is no accumulation of ubiquitinated proteins or increase in apoptotic cells in the central nervous system [13] . This observation is consistent with the finding that loss of Usp14 results in an increase in the turnover of ubiquitinated proteins in vitro [14, 15] . Loss of Usp14 in cell culture models resulted in a decrease in the steady-state levels of aggregate-prone proteins such as tau and ataxin-3 [14] , indicating that Usp14 may serve as a therapeutic target for the treatment of neurodegenerative proteinopathies [14] .
The association of elevated ubiquitin conjugates with intracellular deposits of aggregate-prone proteins suggests a causative link between proteasome dysfunction and disease [16] . For example, tau accumulation can lead to the production of abnormally modified oligomeric tau and neurofibrillary tangles (NFTs) that may contribute to neurological disease in patients with Alzheimer's disease (AD) [17] . Since reduced proteasomal activity and increased tau accumulation has been observed in the brains of AD patients [18] , enhancing the activity of the proteasome may offer a potential therapeutic avenue for the treatment of diseases associated with the accumulation of aggregate-prone proteins.
Proteasome inhibition has been shown to alter the expression of several mitogen-activated signaling pathways [19, 20] . By selectively targeting protein kinases for degradation, the UPS is able to directly control intracellular signaling events. For example, ASK-1, the mitogen-activated protein kinase kinase kinase, is ubiquitinated and targeted to the proteasome by the E3 ligase CHIP [21] . In addition, proteasome inhibition has also been shown to induce c-Jun NH 2 -terminal kinase (JNK) and extracellular signalregulated kinases (ERKs) [19, 22] . While proteasome inhibition has been shown to have both pro-and anti-apoptotic effects, the result of enhanced proteasome function on intracellular signaling pathways is currently unknown [22, 23] .
In this study, we investigated if loss of Usp14 in vivo affects the levels of aggregate-prone proteins in the central nervous system. Although loss of Usp14 did not alter the steady-state levels of either endogenous tau or ataxin-3 in mice, we did observe a significant increase in the levels of phosphorylated tau and increased activation of Akt, JNK and ERK. Genetic ablation of tau did not change the disease course in the ax J mice, indicating that abnormal tau phosphorylation was not responsible for causing the neurological deficits in the ax J mice. Our results therefore suggest that the expression of the aggregate-prone proteins tau and ataxin-3 are not controlled by Usp14 in neurons and that the loss of Usp14 activates several different neuronal signaling pathways that may contribute to the synaptic transmission defects observed in the ax J mice.
Methods

Ethics Statement
The experiments described in this manuscript were approved by the University of Alabama at Birmingham Institutional Animal Care and Use Committee (IACUC). All research complied with the United States Animal Welfare Act and other Federal statutes and regulations relating to animals and experiments involving animals, and adhered to principles stated in the Guide for the Care and Use of Laboratory Animals, United States National Research Council. All reasonable efforts were made to minimize suffering of animals.
Animals
Wild type (wt) C57BL/6J and Usp14 axJ mice (Jackson Laboratories, Bar Harbor, ME) have been maintained in our breeding colony at the University of Alabama at Birmingham, which is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International (Animal Protocol number 110909471). Mice were housed with a 12 hr
Electron Microscopy
Animals were anesthetized with ketamine/xylazine and perfused with 25 mL of heparinized saline followed by 25 mL of modified Karnovsky's fixative containing 3% glutaraldehyde and 1% paraformaldehyde in sodium cacodylate buffer, pH 7.4. Fixation was continued overnight at 4uC in the same fixative, and the following day the cerebellum was dissected, cleaned of extraneous tissue, and rinsed in sodium cacodylate buffer. Tissue was post-fixed in phosphate cacodylate-buffered 21% OsO 4 for 1 h, dehydrated in graded ethanol with a final dehydration in propyleneoxide, and embedded in EMbed-812 (Electron Microscopy Sciences, Hatfield, PA). One-micron-thick plastic sections were examined by light microscopy after staining with toluidine blue. Ultrathin sections (90 nm thick) were cut onto formvarcoated slot grids. Sections were post-stained with uranyl acetate and Venable's lead citrate and viewed with a 1200EX electron microscope (JEOL, Tokyo, Japan). Digital images were acquired using the AMT Advantage HR camera (Advanced Microscopy Techniques, Danvers, MA).
Quantitation of Purkinje cell axonal swellings
Four to five 5 to 6-week-old wt, ax J , tau KO and ax J tau KO mice were euthanized by CO 2 asphyxiation. Brains were sagittally cut and were immersed in methacarne to fix overnight at 4uC. Samples were paraffin embedded and sliced medially in 10 mm sections with a Microme HM 355S. Twenty medial sections from each brain were taken, and three sections from each sample were randomly chosen to quantitate. Chosen sections were deparaffinized and rehydrated. Sections were blocked in a 10 mM PBS solution containing 1% BSA, 0.2% non-fat dry milk, 0.1% Triton X-100 for 30 min, and were then incubated with a 1:500 dilution of a rabbit calbindin polyclonal antibody (Swant, Bellinzona, Switzerland) for 1 h at room temperature. Samples were washed 3 times with 10 mM PBS for 5 min. The sections were then treated with Alexa-Fluor goat-anti-rabbit 568 at a 1:500 dilution and DAPI at a 1:1000 dilution in the dark for 1 h at room temperature. Sections were washed 3 times with 10 mM PBS for 5 min. Samples were mounted with 50% glycerol in 10 mM PBS and stored at 220uC. An Olympus BX-51 upright microscope was utilized to take images at 106of the medial deep cerebellar nuclei. Axonal swellings greater than 2 mm were counted and normalized to the area of the cerebellar nuclei region with the MicroBrightField Stereo Investigator software (Williston, VT).
Electrophysiology
Hippocampal slices were held in a submersion recording chamber perfused with external recording solution composed of (in mM): 120 NaCl, 3.5 KCl, 2.5 CaCl 2 , 1.3 MgCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 10 glucose [25] . The solution was bubbled with 95% O 2 and 5% CO 2 , pH 7.35-7.45. All experiments were performed at 25uC.
Field excitatory postsynaptic potentials (fEPSPs) were recorded in response to extracellular stimulation of Schaffer collateral axons by a bipolar tungsten microelectrode (FHC, Bowdoinham, ME) placed in the stratum radiatum of the CA1 region. Recording pipettes filled with external recording solution were placed in the same region of the CA1 stratum radiatum. Stimulation was generated from a Grass S48 stimulator (Grass Tech, West Warwick, RI) and applied with a BSI-2 biphasic stimulus isolator (BAK Electronics, Mount Airy, MD). Paired-pulse stimulation at different intervals (50, 100, 150, 200, and 500 ms) was applied in a pseudo-random sequence and repeated a minimum of 10 times at 0.1 Hz. The averaged pairedpulse ratio (fEPSP 2 /fEPSP 1 ) was calculated after recording.
PHF-1 Staining
Paraffin-embedded sections of mouse brains (7 mm) were deparaffinized and followed with antigen retrieval by citrate buffer (10 mM, pH 6). The endogenous peroxidase activity was blocked with 3% hydrogen peroxide. Sections were blocked with 3% goat serum for 30 min and were incubated with the PHF-1 antibody (1:500) overnight at 4uC. The PHF-1 antibody recognizes tau phosphorylated at Ser 396/404. Sections were then incubated with biotinylated goat secondary antibody for 30 min, and then incubated with avidin-biotin peroxidase complex (Vector Laboratories, Burlingame, CA) for 60 min at room temperature. Diaminobenzidine (DAB) was used for color development and was followed with hematoxylin counterstain.
Immunoblotting
Proteins were resolved on 8% Tris-glycine gels and transferred onto PVDF membranes. The Usp14 R138 antisera [12] , ataxin-3 (gift from Dr. Hank Paulson, University of Michigan), PHF-1 antibody (gift from Dr. Peter Davis, Albert Einstein College of Medicine), tau1 (dephosphorylated amino acids 189-207), tau5 (amino acids 210-230), 12E8 (pSer262/pSer356), AT180 (pThr231), AT100 (pThr212/pSer214) (gifts from Dr. Gail Johnson, Rochester University), anti-b-tubulin, and anti-a-tubulin (Developmental Hybridoma Core, Iowa City, IA), GSK3b, Akt, Cdk5, p35, MEK1/2, JNK1/2 and ERK1/2 (Cell Signaling, Danvers, MA) antibodies were diluted in PBS containing 5% nonfat milk. Primary antibodies were detected using an anti-mouse or anti-rabbit HRP-conjugated antibody (Southern Biotechnology Associates, Birmingham, AL) and Luminol reagents (Pierce, Rockford, IL).
Quantitation of immunoblots
Blots were scanned using a Hewlett Packard Scanjet 3970 and quantitated using UN-SCAN-IT software (Orem, UT). Each value represents the average and standard error from 4 blots using at least three different animals of each genotype.
Results
Tau and ataxin-3 expression in Usp14-deficient mice
We have recently reported that Usp14 is required for the stable expression of neurological disease-related proteins, such as tau and ataxin-3, in mouse embryonic fibroblasts [14] . To determine if Usp14 also stabilizes these proteins in vivo, we used immunoblot analysis to analyze the expression of endogenous tau and ataxin-3 in wt and ax J mice. In contrast to what was observed in vitro [14] , we found no differences in the levels of ataxin-3 in cerebellar extracts from 4-week-old wt and ax J mice (Fig. 1a) , indicating that Usp14 was not required for the neuronal stability of ataxin-3. Although immunoblot analysis demonstrated that the overall levels of tau were also similar in the wt and ax J mice (Fig. 1a and b) , the absence of Usp14 did result in a shift in the migration pattern of tau in the ax J mice (Fig. 1a) . To determine if the slower migrating form of tau found in the cerebellar extracts from the ax J mice represents increased levels of phospho-tau, we performed immunoblot analysis on cerebellar extracts from wt and ax J mice using the phospho-specific tau antibody PHF-1 [26] . There was a significant increase in the expression of PHF-1-reactive tau in the ax J mice as compared to controls ( Fig. 1a and 1b) , demonstrating that, while loss of Usp14 does not affect the steady-state levels of tau in neurons, loss of Usp14 alters the phosphorylation state of tau in the ax J mice. Slower migrating forms of tau have also been detected in the brains of AD patients, and these forms of tau are believed to be due to hyperphosphorylated tau, which may aggregate to form neurofibrillary tangles [17, 27] . Mislocalization of tau to the somatodendritic compartment of neurons instead of the axon is one of the earliest aspects of tau pathology [28] . To determine if the increased levels of phospho-tau observed in the ax J mice were associated with aberrant localization of tau, we stained cerebellar sections from wt and ax J mice with the PHF-1 antibody (Fig. 1c) . The cerebellar sections from control mice revealed widespread PHF-1 staining in the molecular and granule cell layers (Fig. 1c) . In contrast, the ax J mice exhibited strong PHF-1 staining in the Purkinje cell dendrites, cell body, and axonal swellings near the deep cerebellar nuclei and showed reduced staining in the molecular layer. Focal staining with PHF-1 was also noted in the dendrites of the ax J Purkinje cells (Fig. 1c) . Increased PHF-1 staining was also detected in the cortex and hippocampus of the ax J mice (data not shown). Therefore, in addition to increasing the levels of phosphorylated tau in the neurons of the ax J mice, loss of Usp14 also leads to a redistribution of PHF-1-reactive tau in the Purkinje cells of the ax J mice. Our previous studies demonstrated the presence of proximal Purkinje cell axonal swellings in the ax J mice [12] . To further examine the distribution of the axonal swellings in the ax J mice, we examined the distal Purkinje cell axons for any sign of disease. Consistent with our previous findings [12] , we observed widespread Purkinje cell axonal swellings near the deep cerebellar nuclei in the ax J mice (Fig. 2a) . Since increased tau phosphorylation correlates with decreased microtubule binding and disorganized microtubules [29] , we used electron microscopy to compare the Purkinje cell axonal ultrastructure in the wt and ax J mice. The Purkinje cell axons from wt mice were myelinated and showed no gross structural alterations (Fig. 2b) . Consistent with our immunohistochemical findings, large axonal swellings were observed along the Purkinje cell axons of the ax J mice. These swollen axons appeared to be unmyelinated and contained numerous mitochondria and randomly arranged microtubules (Fig. 2b) . These changes in axonal structure did not correlate with any significant changes in the levels of a-or b-tubulin (Fig. 1a) . Therefore, while there were no major changes in the steady-state levels of these microtubule proteins or tau, loss of Usp14 did result in aberrant localization of phosphorylated tau and microtubule disorganization in the ax J mice.
ax J mice have elevated levels of phosphorylated tau in the cortex and hippocampus
NFTs are found in several regions of the brains of AD patients, including the hippocampus and entorhinal and frontal cortexes [30] . To determine if frontal cortex and hippocampal brain regions of the ax J mice have increased levels of phosphorylated tau, we investigated PHF-1-reactive tau levels by immunoblot analysis. At both 3 and 6 weeks of age, elevated levels of PHF-1-reactive tau were observed in cortical and hippocampal extracts from the ax J mice compared to controls (Fig. 3) , demonstrating that loss of Usp14 results in widespread changes in tau phosphorylation in the ax J mice.
Examination of phospho-tau epitopes in ax J mice
Several studies have investigated the phosphorylation state of tau as it relates to tau pathology, and a panel of antibodies has been generated to detect these different phosphorylation events on tau [26, 29] . Using these antibodies, we examined the levels of phospho-tau epitopes in hippocampal extracts from 3 and 6-weekold wt and ax J mice (Fig. 4) . At 3 weeks of age, a significant increase in AT100 (pSer212 and pThr214) reactivity was observed in the ax J mice as compared to controls. By 6 weeks of age, there was a significant increase in reactivity with the AT100, AT180 (pThr231), and 12E8 (pSer262 and pSer356) phospho-tau epitopes and a significant decrease in reactivity with the nonphosphorylated tau1 epitope in the ax J mice as compared to controls. These results demonstrate that there are widespread changes in the phosphorylation state of tau in the Usp14-deficient ax J mice, and the time frame of these changes suggests that tau hyperphosphorylation may contribute to the axonal pathology found in the ax J mice.
Dysregulation of GSK3b and stress kinases in ax J mice
Several kinases, including Cdk5, GSK3b, ERK and JNK, have been implicated in the hyperphosphorylation of tau [23, [31] [32] [33] [34] , and these increases in tau phosphorylation are thought to accelerate NFT formation [35, 36] . To determine if the levels of these kinases are altered in the ax J mice, we examined hippocampal protein extracts from 6-week-old wt and ax J mice Figure 3 . Immunoblot analysis of tau levels in specific brain regions. (A) Cortical and (B) hippocampal extracts were prepared from two different 3 and 6-week-old wt and ax J mice. The PHF-1 antibody was used to determine levels of phosphorylated tau, the tau5 antibody was used to detect total tau, and Gapdh was used as a loading control. n = 4 to 5 animals per genotype. doi:10.1371/journal.pone.0047884.g003 by immunoblotanalysis Fig. 5a ). No changes in the levels of total GSK3b, Cdk5, or the Cdk5 activator p35 were seen in the extracts from the ax J mice as compared to controls. In contrast, a significant increase in the levels of the inactive form of GSK3b (pSer9) were observed in the ax J mice as compared to controls. Since the phosphorylation of GSK3b serine 9 is thought to be the result of activated Akt, we also investigated the levels of phosphorylated Akt (pSer473 and pThr308) in ax J and control mice. Consistent with the increased levels of pSer9 GSK3b, we observed an increase in both pThr308 and pSer473 Akt in the ax J mice. These results indicate that Cdk5 and GSK3b are not likely to be contributing to the increased levels of tau phosphorylation observed in the ax J mice. Stress-activated kinases, which are activated by phosphorylation, have also been hypothesized to contribute to elevated phospho-tau levels in the brains of AD patients [23, 34, [37] [38] [39] [40] . We therefore examined if loss of Usp14 alters the levels of stressactivated kinases in the ax J hippocampus (Fig. 5b) . While no significant changes were observed in the levels of total MEK1, JNK or ERK, we did find increased levels of phosho-MEK1, JKN and ERK in the ax J mice (Fig. 5b) . These results indicate that altered proteasome function caused by the loss of Usp14 results in widespread changes in the levels of activated stress kinases that have been implicated in tau phosphorylation.
Tau reduction does not alter disease progression in the ax J mice
Hyperphosphorylated tau has been associated with several neurological disorders, and this aberrant phosphorylation of tau is believed to contribute to neuronal dysfunction [27, 41, 42] . Gene disruption studies indicate that removal of tau increases viability and improves synaptic function in some mouse models of AD [42, 43] . Since the ax J mice suffer from impaired neuromuscular development and synaptic dysfunction, that reduces their lifespan to approximately 2 months, we investigated if tau reduction would alter the expression of these phenotypes in the ax J mice. Examination of survival curves generated for wt and tau KO mice (Fig. 6a) demonstrated that genetic ablation of tau did not affect viability. When we examined the effect of removing tau from the ax J mice, we found that depletion of tau did not improve body weights or increase viability of the ax J tau KO mice as compared to ax J controls (Fig. 6a and b) . Our finding of PHF-1-reactive tau in the Purkinje cell processes of the ax J mice prompted us to investigate if tau depletion affected the number of Purkinje cell axonal swellings in the ax J mice. As previously reported [12] , the ax J mice had a large increase in the number of Purkinje cell axonal swellings compared to wt controls (Fig. 6c) , and there were no significant changes in the number of Purkinje cell axonal swellings in the tau KO mice as compared to controls (Fig. 6c) . When we compared the number of axonal swellings in the ax J and ax J tau KO mice, we did not observe any significant changes in the abundance of these swellings, indicating that the increased levels of phospho-tau did not contribute to the formation of Purkinje cell axonal swellings in the ax J mice. In addition to the structural deficits observed in the CNS of the ax J mice, loss of Usp14 also results in impairment of hippocampal short-term plasticity [13, 44] that is thought to be required for normal learning and memory. When we compared short-term plasticity in the hippocampus of wt, tau KO , and ax J mice, we only observed a reduction in paired-pulse facilitation in the ax J mice (Fig. 6d) . No differences in paired-pulse facilitation were observed between the ax J and ax J tau KO mice (Fig. 6d) , indicating that the synaptic changes caused by Usp14 deficiency are not due to alterations in tau phosphorylation.
Discussion
The UPS regulates numerous cellular pathways by controlling protein abundance. This task is accomplished by the coordinated ubiquitination of proteins, followed by their destruction by the proteasome. Proteasomal deubiquitinating enzymes alter protein degradation rates by removing the ubiquitin side chains attached to substrates, thus preventing their degradation [14, 15, 45] . Usp14 is one of three deubiquitinating enzymes found on mammalian proteasomes, and blocking Usp14's deubiquitinating activity has been shown to accelerate degradation of aggregate-prone proteins in vitro [11, 14, 15] . However, our investigations on the loss of Usp14 in vivo did not reveal any significant changes in the steadystate levels of tau or ataxin-3 in the brains of the Usp14-deficient ax J mice compared to controls, indicating that endogenous tau and ataxin-3 may not be substrates for Usp14, or these proteins may be degraded through an alternative pathway in vivo [46] . In addition, the lack of any detectable change in these proteins may be due to decreased levels of free ubiquitin in the ax J mice that could reduce targeting of tau and ataxin-3 to the proteasome. Further experimentation will be required to determine if Usp14 plays a direct role in the degradation of specific classes of proteasomal substrates, such as proteins produced with mutated amino acid sequences.
Proteasome dysfunction induced by the loss of Usp14 results in a significant increase in the levels of phosphorylated tau in the brains of the ax J mice. We found increased levels of PHF-1-reactive tau that coincided with the presence of disorganized microtubules and Purkinje cell axonal swellings. These changes in tau were found in several regions of the ax J brain, suggesting that the loss of Usp14 results in a global change in kinase and/or phosphatase activity. The large increase in different reactive tau phospho-epitopes seen in the ax J mice is also consistent with this idea. The phospho-tau epitopes that were increased in the ax J mice include Thr212, Ser214, Thr231, Ser235, Ser262, and Ser356, and these phospho-epitopes are also detected in neurodegenerative diseases such as AD [26, [47] [48] [49] . Tau has been shown to associate with microtubules through internal repeat microtubule-binding domains, and these regions of tau are sites for protein phosphorylation [29] . Since phosphorylated tau is less effective than nonphosphorylated tau in binding polymerized microtubules, it is believed that the phophorylation state of tau can directly affect microtubule assembly and/or stability [50] . While tau is normally restricted to axons, PHF-1-reactive tau was also detected in the soma and dendrites of the Purkinje cells in the ax J mice. In addition, we also detected PHF-1-reactive tau in discrete focal regions in the ax J Purkinje cell axons. These changes in the phosphorylation and distribution of tau are hallmarks of AD, indicating that altered proteasomal function could be a contributing factor in the development of tau pathologies.
Aberrant phosphorylation of tau has been suggested to contribute to the accumulation of tau in neurons [51] , and numerous protein kinases have been shown to interact with and phosphorylate tau [52] . For example, GSK3b can phosphorylate multiple cytoskeletal proteins including tau, MAP1b and APC [53] . Since GSK3b phosphorylation of tau and Map1b reduces their ability to bind microtubules, we reasoned that increased GSK3b kinase activity may contribute to the altered microtubule structure observed in the axons of ax J mice. Surprisingly, instead of observing increased GSK3b activity, we detected a 5-fold increase in the levels of inactive GSK3b, indicating that GSK3b is not likely to be responsible for the elevated levels of phosphorylated tau in the ax J mice. In addition, our studies demonstrated that the steady-state levels of Cdk5 and its activator p35 do not change in the ax J mice compared to wt controls. Like Cdk5 and p35, the steady-state levels of total GSK3b are also unchanged in the ax J mice. Acting upstream of GSK3b, Akt and PTEN have been shown to regulate the phosphorylation state of GSK3b. Consistent with an increase in inactive GSK3b, we observed a 3-fold increase in the levels of phospho-Akt. These alterations could result in widespread cellular changes in the ax J mice, including effects on protein and glycogen synthesis, apoptosis, and intracellularsignaling pathways such as WNT.
The ERK, JNK and p38 MAPK pathways are activated in neurons of patients with AD, which suggests that the MAPK pathways are involved in the pathogenesis of AD [54] . Our data indicate that the ERK and JNK pathways are also activated in the ax J mice. Although there is no evidence that activated ERK or JNK directly phosphorylate tau in vivo, several studies have demonstrated that altered proteasome activity leads to the activation of MAPKs [20] . Therefore, while increased tau phosphorylation caused by the activation of these signaling pathways does not contribute to pathogenesis, these altered signaling pathways may affect synaptic function in the ax J mice through a tau-independent mechanism.
Hyperphosphorylation of tau has been reported in many animal models of neurological disease [31, 33, 55, 56] , but the relationship between increased levels of hyperphosphorylated tau and disease is not clear. Tau reduction provides a protective effect in several models of neurodegeneration, supporting the notion that tau can be deleterious to neurons. For example, genetic ablation of tau in an animal model of AD prevented the behavioral deficits and neuronal excitotoxicity induced by beta amyloid [42, 43] . Analysis of ax J mice with a genetic ablation of tau demonstrated that the reduced life span, Purkinje cell axonal swellings, and altered synaptic plasticity were not due to changes in tau. Even in the context of neurological disease, the presence of phosphorylated tau may only represent a marker of neuronal stress, as opposed being to a major factor contributing to neurological disease.
